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Standing spin waves in a thin film are used as sensitive probes of interface pinning induced by an 
antiferromagnet through exchange anisotropy. Using coplanar waveguide ferromagnetic resonance, 
pinning of the lowest energy spin wave thickness mode in NigoFe2o/Ir25Mn75 exchange biased bilayers 
was studied for a range of IrMn thicknesses. We show that pinning of the standing mode can be 
used to amplify, relative to the fundamental resonance, frequency shifts associated with exchange 
bias. The shifts provide a unique 'fingerprint' of the exchange bias and can be interpreted in terms 
of an effective ferromagnetic film thickness and ferromagnet/antiferromagnet interface anisotropy. 
Thermal effects are studied for ultra-thin antiferromagnetic Ir2sMn75 thicknesses, and the onset 
of bias is correlated with changes in the pinning fields. The pinning strength magnitude is found 
to grow with cooling of the sample, while the effective ferromagnetic film thickness simultaneously 
decreases. These results suggest that exchange bias involves some deformation of magnetic order in 
the interface region. 

PACS numbers: 75.30.Gw, 75.70.Cn, 76.50.+g 
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I. INTRODUCTION 



Exchange bias is an effect which has consequences 
for the bulk of a ferromagnet as exhibited by hystere- 
sis loop offset. However its bulk effects arise from cou- 
pling processes across a ferromagnctic/antiferromagnetic 
interface [H [2]- Directly probing these types of buried 
interfaces to gain information on coupling is quite chal- 
lenging. Ferromagnetic resonance (FMR) is a powerful 
tool for studying magnetic parameters in ferromagnetic 
structures through frequency shifts of the fundamental 
resonance mode. It is possible to also use FMR to detect 
standing spin waves which provide, at least in principle, 
information about surfaces and buried interfaces [3HS]. In 
this paper standing spin waves (also referred to as "thick- 
ness modes") are used to probe interface properties due 
to exchange anisotropics in exchange biased bilayers. We 
show that a useful measure for characterising exchange 
bias can be obtained from these modes, and this measure 
can provide unique information about magnetic ordering 
in the interface region. 



Nearly all studies of ferromagnetic resonance and spin- 
waves in exchange biased structures have, to date, made 
use exclusively of the fundamental resonance or zone cen- 
ter spinwaves[U [6l [7]. The frequencies of these excita- 
tions are governed primarily by local magnetocrystalline 
and shape anisotropics, magnetization, and applied field. 
The resonance conditions for a ferromagnetic thin film 
with no intrinsic anisotropics, and magnetised in plane, 
is given by [5]: 
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(H f (6) + Dk? y (0))(H f (O) + n M s + Dk 2 J9)) 



(1) 



The spin wave frequency is w, 7 is the gyromagnetic ra- 
tio, M s is the saturation magnetisation, Hf is the field 
applied to cause resonance, and 9 is the direction of the 
applied field relative to the cooling field direction. A fixed 
spin wave frequency is assumed and is varied, so that 
Hf becomes the experimentally meaured quantity. The 
wavevector component in the direction normal to the film 
plane is k y . The hqM s term originates from dynamic de- 
magnetisation fields in thin film geometry, and D = j^- 
is the exchange coupling strength. In traditional treat- 
ments of FMR as applied to exchange-bias the funda- 
mental FMR mode corresponds to k = 0. Effective fields 
originating at the interface with the antiferromagnet are 
then, as far as the FMR response is concerned, averaged 
over the ferromagnetic film thickness and are seen as an 
effective anisotropy field. In a resonance experiment us- 
ing a fixed frequency, these effective fields appear in the 
measured value of Hf, the applied field for which res- 
onant absorption is observed. It is important to note 
that the frequency shifts of the FMR associated with ex- 
change bias do not contain direct information about the 
interface region per se. Questions concerning the pene- 
tration depth of the interface fields, or asymmetries asso- 
ciated with different boundaries, can only be addressed 
indirectly by varying film thicknesses within a series of 
samples. A disadvantage of this approach is that samples 
can vary substantially, even within the same series due 
to details of growth processes[2l|9]. 

The FMR mode averages local interface fields laterally 



because it is a long wavelength excitation, though in re- 
ality it does experience deformation due to the interfacial 
pinning. In some cases, short wavelength spin waves can 
be observed with conventional resonance techniques as 
standing wave thickness modes confined by film geome- 
try. It is access to these modes which allows a measure 
of interface pinning. Recently we have shown theoreti- 
cally and experimentally that broadband FMR driving 
techniques that make use of stripline or coplanar waveg- 
uides can couple effectively to thickness modes in metal- 
lic multilavers |10l ITT) . These thickness modes have some 
discrete wavevector k y {6), and therefore involve contribu- 
tions from exchange. Hereafter these modes are referred 
to as "FEX modes". These will each have different al- 
lowed wavevectors confined in the y direction, as deter- 
mined by surface pinning. As such, the frequencies of the 
FEX modes include contributions from exchange, and are 
sensitive to surfaces and interfaces. The lower symmetry 
at film boundaries can give rise to local anisotropy fields, 
and interfaces between different magnetic layers can sup- 
port exchange coupling. In these cases, spin wave oscil- 
lations may be pinned at one or more boundaries of a 
ferromagnetic film. Pinning of this type is accompanied 
by contributions through exchange energies, and can re- 
sult in substantial frequency shifts [12]. 

A simple means of analysing frequencies obtained 
for thickness modes was suggested long ago by Rado 
and Weertman[Sl [JJ2 [Hj. In this approach, surface 
anisotropies are assumed, which then dictate the bound- 
ary conditions for FEX modes in thin film geometries. It 
should be noted that the FMR mode will also be affected 
and given a non-zero wavevector resulting from surface 
pinning. If we associate a surface energy [15] of the fol- 
lowing form with the exchange biased interface: 



E SA =P- M a 



(2) 



We can then calculate allowed spin wave wavevectors as 
a result of pinning. In this equation M s is the satura- 
tion magnetisaion and p is the pinning parameter which 
acts parallel to the applied field. As demonstrated in 
[13] , if one starts with the Landau-Lifshitz equation and 
integrates over an infinitesimal volume region across the 
interface, the following is obtained: 
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(3) 



Here M represents the total magnetisation, n is the di- 
rection normal to the interface and T sur f is the interface 
torque. Using Eq.Q, we have: 



T surf = -M x VmEsa = -M x p 



(4) 



We approximate the exchange biased interface by suppos- 
ing the pinning to come entirely from one of the bound- 
aries, hence introducing an asymmetry into the model. 



After solving Eq.((3]) in combination with Eq.Q, the re- 
lationship between these surface anisotropies and k y for 
Hf applied at an angle 9 to the easy axis is: 
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It is important to note that t e ff is the magnetic thickness 
of the ferromagnet, as opposed to the structural thickness 
(which may be different) [161 H7] . This difference may be 
caused by deviations away from uniform ferromagnetic 
order near the interface due to local pinning fields. 

The remainder of the paper is organized as follows. 
First, preparation of, and magnetization measurements 
from, exchange biased Ni 80 Fi 2 o/Ir25Mn75 are discussed. 
Next we present results from coplanar FMR studies of the 
fundamental and first thickness modes for these struc- 
tures, and discuss their interpretation in terms of the 
pinning parameter p and effective thickness t e ff. 



II. SAMPLE PREPARATION AND 
CHARACTERIZATION 

Magnetic bi-layer specimens consisting of 
Ta(50 A)/ Ni 80 Fe 20 (605 A)/ Ir 25 Mn 75 ( t AF A)/ Ta(50 A) 
were sequentially deposited onto Si(001) substrates by 
dc-magnetron sputtering at an argon working pressure of 
2.5 mTorr to minimise growth variations. A nanometer 
layer of native oxide on the silicon surface created condi- 
tions for polycrystalline growth. Typical deposition rates 
were 2—2.5 As -1 , which were determined by measuring 
the thickness of calibration films by low-angle x-ray 
reflectometry. The base pressure prior to the deposition 
was of the order of 1 x 10 -8 Torr and the samples were 
deposited at ambient temperature. An in-plane forming 
field of 200 Oe was applied during the growth to induce 
a macroscopic uniaxial anisotropy in the NiFe (Py) layer 
in a defined direction. The thickness of the IrMn layer, 
tAF> for this study was varied from to 60 A which is 
also the region where the onset of biasing appears at 
room temperature for such systems[18 . The samples 
were cut into 10mm x 10mm squares. 

Film thickness was accurately characterised with a 
Siemens two-circle diffractometer, to within ±6 A. In- 
plane and out-of-plane FMR magnetometry was used to 
extract iiqM s , which could consistently be used in fur- 
ther FMR data analysis. In-plane FMR magnetometry 
along the easy axis of a Py sample with no IrMn re- 
vealed a saturation magnetisation /j,qM s of 0.80±0.05T, 
a gyromagnetic ratio 7 of 2.8xl0 10 HzT~ 1 and in plane 
bulk anisotropy fields of 0.0002T±0.0005T. Further mag- 
netometry was performed using the magnetoopical Kerr 
effect (MOKE). A 635nm diode laser, rated at 5mW, 
was used to illuminate the sample. A differential ampli- 
fier was used to analyse polarisation rotation. Example 
results are shown in Fig. [TJ 

As demonstrated in Fig. [TJ the samples saturate mag- 
netically above 20Oe. The loops are non-symmetric 
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FIG. 1. Shown above is a sample of data taken 

with a MOKE magnetometry setup focused onto the 
NiFe(60.5nm)/IrMn(6nm) sample. The vertical axis uses ar- 
bitrary units and represents the average magnetisation over 
the laser spot focused onto the sample. The horizontal axis 
displays field applied across the sample in units of Oersteds. 
Also the exchange bias shifting of the loop is shown by the 
dotted line and denoted by H_bs. 



about a non-zero field with a small coercivity, and com- 
pare well with what has been found in similar studies|7, 
ITU] . The bias field as measured with FMR is defined 
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as H EB = " f ^ 2 " n , shown in Fig|2l where Hf+ corre- 
sponds to Hf(0) in eqlll and Hf- corresponds to Hf(ir). 
The coercivity increases with increasing IrMn thickness, 
with a maximum in the region of thicknesses where there 
exists little exchange biasing. 



III. RESONANCE MEASUREMENTS AND 
INTERPRETATION 

A 20GHz Vector Network Analyser was used to excite 
and detect FMR and FEX modes of the samples. The 
coplanar stripline (0.3mm wide) which is coupled to 50f2 
axial cables, excites the sample with microwaves in the 
2-9 GHz regime. Example results are shown in FigJ2] 
We choose a particular excitation frequency w and sweep 
the applied magnetic field H (usually between and 600 
Oe), in a particular direction until microwave power is 
absorbed strongly by the sample, indicating a standing 
spin wave is on resonance. This procedure is repeated 
for the samples' easy axis aligned along different direc- 
tions with respect to the applied field, denoted by 9. A 
field sweep was chosen rather then a frequency sweep, as 
a field sweep avoids the problems of variable microwave 
frequency attenuation in the waveguides with varying lo 
and shows the magnetic response of the sample as op- 
posed to both magnetic and electric response. 

An example of FMR and FEX resonances, at a driving 
frequency of 7 GHz, is shown in FigMb). A number of 
factors determine the observed amplitudes of FMR and 
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FIG. 2. Panel (a) shows the experimental geometry, with 
the sample placed on top of the coplanar stripline. H refers 
to the applied field direction at some angle 9, M refers to 
the magnetisation direction and Hrf demonstrates the mi- 
crowave rf field generated by the waveguide. The sample is 
rotated in place in order to change the direction of H with 
respect to the sample's easy axis. Panel (b) shows microwave 
transmission as a function of static applied field for the Onm 
IrMn sample. The values Hf± correspond to applied reso- 
nant fields in antiparallel directions for + and - respectively. 
Microwave absorbtions are seen which correspond to the fun- 
damental mode (FMR) and the first exchange mode (FEX). 
The microwave excitation frequency u used was 7GHz. 



FEX modes in coplanar geometries 20 - 23J , in particular 
a combination of surface pinning and eddy current in- 
duced inhomogeneity in the driving microwave field. The 
FEX absorpton amplitude is approximately 23 times less 
than that of the FMR mode as measured at 7GHz. The 
linewidths of the modes at 7GHz are Afp^R—^Oe and 
AfFEX=250e respectively. It should be noted that the 
FMR mode has a Lorentzian like absorption shape, but 
the FEX mode does not, so the linewidths may not be 
directly comparable. 

The bias determined from FMR and FEX are shown in 
comparison to the bias determined from MOKE data in 
Figj3l Unidirectional exchange anisotropies are present 
at room temperature only for a certain critical thickness 



> 2.5nm of IrMn as shown in FigJ3| 
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FIG. 3. Shown is the exchange bias as measured from the 
FMR mode (empty circle solid line), MOKE (empty diamond 
solid line) and FEX mode (empty square solid line), as a 
function of IrMn film thickness. The NiFe layer thickness is 
always 60.5nm. For comparison the cooercivity as measured 
with MOKE is shown (hollow triangle dashed line) 

For thicknesses above this value, the MOKE and FEX 
results indicate a non-monotonic behavior of the bias 
with respect to IrMn thickness begining at 4 nm. Wc 
have at present no explanation for this, though this could 
be due to sample to sample variation. It is possible that it 
may have other origins, as such behaviour in similar sys- 
tems has been noted and explained via the domain-state 
mo del [24], Most significantly, the pinning field is unidi- 
rectional. This is fully consistent with exchange bias as 
an interface effect. The bias acts as an effective volume 
unidirectional anisotropy when averaged by the FMR 
mode, and appears as a superposition with other volume 
anisotropies. This superposition can be seen most clearly 
by measuring bias at different orientations of the applied 
field relative to the bias field direction. Example results 
for the 2.5 and 6 nm thick IrMn samples are shown in Fig. 
|4j Results for FMR and FEX peaks are shown as func- 
tion of angle, demonstrating that both modes contain 
equal contributions from a uniaxial anisotropy, whereas 
the modes are affected differently by the exchange bias. 

The results shown in Fig|4] illustrate the magnitude 
of exchange bias as measured by the FMR and FEX 
modes. The difference in magnitude can be understood 
through pinning effects on the frequency of the FEX 
modes. The FEX modes contain greater exchange energy 
than the FMR because of their shorter wavelengths, and 
pinning acts to effectively change the wavelength of an 
FEX mode. In this way, pinning by exchange bias is an 
amplification of exchange anisotropy by affecting directly 
the exchange energy contribution to an FEX mode. This 
is demonstrated explicitly in Eq. (nl , where the exchange- 
related effective anisotropy field Dky scales as the square 
of the wavenumber k y . Therefore one should expect dif- 
ferent strengths of effective anisotropy from the FMR and 



FEX modes. Indeed, such differences are seen in Fig|4] 
for these two modes, confirming the interface origins of 
the anisotropy fields in this exchange biased system. 
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FIG. 4. Shown are the resonant fields Hj for the FMR (empty 
circle solid line)) and FEX (empty square dashed line) stand- 
ing spin wave modes at different applied field angles with 
respect to the easy axis (6). The solid lines show fits to the 
data using cos(8) and cos(29) components. Presented is the 
resonance data for different IrMn thickness capping layers a) 
IrMn=0nm, b) IrMn=2.5nm, c)IrMn=6nm. 

Pinning factors p, calculated according to Eq.([5]) as a 
function of IrMn thickness are shown in Fig(5] for data 
taken at room temperature. Interface anisotropy calcu- 
lated for the applied field along 9 = is denoted p + , 
and represents the situation there the applied field is an- 
tiparallel to the bias field direction. Conversely, p- is 



the pinning calculated for the field applied along the bias 
direction 9 = n. In these calculations, we have used ma- 
terial parameters determined experimentally as above. 
The exchange coupling strength D=1.3693 x 10~ 17 JA^ 1 
was chosen such that an effective thickness of 60.5nm 
was extracted from the monolayer permalloy film. Er- 
ror bars in Figj5]were estimated by incorporating exper- 
imental field uncertainties. We consider p as the more 
fundamental quantity then exchange bias field. Pinning 
will act with the same strength on both modes, but the 
wavelength of each mode will be distorted to a different 
degree. Importantly, in our fittings we have the condition 
that p should have the same value for all observed modes. 
We find this condition cannot be satisfied unless some 
value is modified for one of the physical parameters in 
Eqpj] The derivation of EqJ5] and previous works [TBI, IT?] 
suggest that the suitable parameter is the thickness of 
the ferromagnetic layer. Therefore the second parameter 
extracted from the fits is the effective thickness of the 
ferromagnetic layer. As previously mentioned, the dif- 
ference between t e ff and the structural thickness of the 
ferromagnet might be related to deviation from uniform 
ferromagnetic order close to the interface. 

The dependence of p on IrMn thickness shows a cu- 
rious peak for the 4 nm thick film, but otherwise is a 
nearly linear function of tAF above 2.5 nm. In addition 
to an interface pinning, we also simultaneously extract 
an effective magnetic thickness t e ff from the data. The 
greatest change of t e ff with in-plane field direction ap- 
pears for tAF between 5 and 5.5nm, a range in which the 
largest degree of exchange bias is observed with MOKE 
but not FMR. 

Like p, the effective thickness varies as a function of 
applied field direction. The IrMn free permalloy layer 
(Figj6a) does not show any significant variation of i e // 
with 8 with the implication that no significant micromag- 
netic configurational changes take place when aligning 
the magnetisation along different anisotropy directions. 
This is in sharp contrast to the 6nm IrMn film (Fig|6p), 
which does display a rougly 1 nm thickness variation of 
t e ff over the angular range to 180°. 

An interpretation of effective magnetic film thickness is 
difficult as it does not allow identification of specific mi- 
cromagnetic structures across the interface region. Nev- 
ertheless, it does not seem unreasonable that t e ff pro- 
vides some measure of the size over which magnetization 
in the interface region contributes to pinning, perhaps 
through local modification of the magnetic order[T71l25j. 

Lastly, we discuss measured dependence of bias and 
pinning on temperature for the 2.5 nm thick IrMn bi- 
layer. This layer was most interesting because it does 
not show significant bias at room temperature, but does 
develope bias at lower temperatures. A summary of re- 
sults is shown in FigjT] A linear increase in exchange 
bias below 240K was found from the FMR mode data, 
and has been reported previously in literature [24] l26l 127] . 
A linear increase in the magnitude of the pinning param- 
eters was found over the same temperature region, with 
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FIG. 5. a) The calculated strengths of pinning p along the 
bias direction (empty circle solid line) and against the bias 
direction (empty square dashed line). 

b) The corresponding effective magnetic thickness t e ff of the 
NiFe along the bias direction (empty circle solid line) and 
against the bias direction (empty square dashed line). 



different slopes for p measured parallel and antiparallcl to 
the bias direction. The behaviour of t e ff however reveals 
similar behavior and slopes for the two field orientations. 
The interfacial region involved in pinning is determined 
by the difference between values obtained from parallel 
and antiparallcl orientations. This difference is about 0.5 
nm and independent of temperature. 



IV. DISCUSSION AND CONCLUSIONS 

In this paper we have presented results for resonant 
field shifts due to exchange bias in NiFe/IrMn bilay- 
ers. The unidirectional exchange anisotropy was de- 
termined from angular resolved resonance experiments. 
We observed field differences for the lowest order stand- 
ing spin wave mode that are twice the magnitude of 
the corresponding difference for the fundamental reso- 
nance. We show that interpretation of these results can 
be made in terms of pinning effects due to an effective 
surface exchange anisotropy. The distortion each spin 
wave mode experiences due to this pinning is not the 
same for every mode. Experimentally this results in 
different exchange anisotropics observed for FMR and 
FEX resonances. The assumption of an effective sur- 
face anisotropy is possible because resonances of the IrMn 
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FIG. 6. The effective magnetic thickness of NiFe as a function 
of 9 with respect to the easy axis for a) Onm IrMn film, b) 
6nm IrMn film. 



are at much higher frequencies than those probed with 
our coplanar resonance technique, so that the NiFe spin 
waves are driving the IrMn far off resonance. Because 
of this mismatch in frequencies, the effective fields act- 
ing on the NiFe spins near the interface are governed by 
anisotropies induced through exchange coupling to the 
IrMn, and other dynamics in the antiferromagnet can be 
safely neglected 12, 28! . One can understand the pinning 
simply as a unidirectional anisotropy whose magnitude 
varies as cos(0), where 9 is the angle of the static field 
relative to the bias direction. 

When calculating the wavevectors of the FMR and 
FEX modes, deviations from values expected assuming 
no pinning are found. Analysing the data this way re- 
turns a pinning parameter that charaterises the strength 
of interface coupling and gives an effective magnetic 
thickness over which the NiFe film acts as a saturated fer- 
romagnet. As the structural thickness of the NiFe films 
are well known, deviations from this value in t e ff may 
arise from the magnetisation close to the interface. Thus 
one can also interpret the observed effective thickness as 
an exchange bias effect that involves a deformation of the 
magnetization near the interface that reduces the mag- 
netic thickness of the ferromagnet participating in the 
spin wave resonance. Such a deformation might be pos- 
sible through either pinning of ferromagnetic spins near 



FIG. 7. a) This figure illustrates the calculated strengths 
of pinning p along the bias direction (empty circle dashed) 
and against the bias direction (empty square dashed line) for 
the IrMn 2.5nm film cooled to the temperature indicated on 
the horizontal axis, in a 40Oe field. Also the complementary 
information on the exchange bias shift for the FMR mode 
(solid triangle solid line) and FEX mode (solid diamond solid 
line) is shown here. 

b) The corresponding effective magnetic thickness t e ff of the 
NiFe along the bias direction (empty circle solid line) and 
against the bias direction (empty square dashed line) for the 
same range of field cooled temperatures. 



the interface, or formation of a twist on the ferromagnet 
side of the interface. We note that this interpretation is 
analogous to the effective boundary conditions derived 
by Guslienko and Slavin for dipolar contributions to res- 
onance in stripes |15j . 

We close with two final remarks. First, there exists 
a difference between exchange bias measurements be- 
tween FMR and MOKE of at most 30%. This is a well 
known effect [29 and is due primarily to FMR being a 
perturbative measurement of local fields whereas MOKE 
measurements of hysteresis necessarily involve magneti- 
zation processes. Though there has not previously been 
an FEX to MOKE comparison, we note that FEX fol- 
lows the same trend as the FMR data, but with different 
magnitude as both are perturbative measures of the ex- 
change anisotropy. Secondly, possible effects associated 
with field cooling were also sought. As shown above, the 
2.5nm IrMn sample has a blocking temperature below 



room temperature and that it does not experience signif- 
icant exchange biasing until below 240K. 
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